Object-Chordomas are rare tumors arising from remnants of the notochord. Because of the challenges in achieving a complete resection, the radioresistant nature of these tumors, and the lack of effective chemotherapeutics, the median survival for patients with chordomas is approximately 6 years. Reproducible preclinical model systems that closely mimic the original patient's tumor are essential for the development and evaluation of effective therapeutics. Currently, there are only a few established chordoma cell lines and no primary xenograft model. In this study, the authors aimed to develop a primary chordoma xenograft model.
Conclusions-To the best of their knowledge, the authors have established the first primary chordoma xenograft that will provide a useful preclinical model for this disease and a platform for therapeutic development.
Keywords animal model; brachyury; chordoma; xenograft; oncology Chordomas are rare, locally infiltrative tumors that occur in the axial skeleton, with cranial chordomas accounting for 32% of all chordoma cases in the US. 12 The current standard of care for chordomas is resection followed by high-dose radiotherapy. 1 Complete resection, however, is difficult due to the location and infiltrative nature of these tumors. Additionally, chordomas are resistant to radiotherapy and chemotherapy. To identify novel and efficacious therapies for the treatment of chordomas, preclinical animal model systems are necessary. Currently, there are only a few primary chordoma cell lines that have been established. The first chordoma cell line, U-CH1, derived from a recurrent sacrococcygeal chordoma after radiotherapy, was reported in 2001. 18 Several other lines have since been reported, including 3 lines derived from clival chordomas, 17 a metastatic lesion from a soft-tissue neck mass, 14 a primary sacral chordoma (CCL-3), 13 a recurrent lumbar spine chordoma (CH 8), 21 and a scapular tumor (EACH-1). 6 In general, chordoma cell lines have been difficult to establish, grow slowly in vitro, 18, 21 and in some instances undergo crises with continued passaging. 6 Of the reported cell lines, only 2, EACH-1 and U-CH1, have been grown as xenografts in athymic nude mice. 6, 16 To the best of our knowledge, a primary human chordoma xenograft model has not been established.
Numerous previous studies have demonstrated that primary xenografts more closely resemble the parental tumors, genotypically and phenotypically, than do cell lines derived from the parental tumor. In one study, karyotype and gene expression analysis performed on a primary breast carcinoma as well as a cell line and xenograft derived from that sample showed the greatest similarity between the xenograft and the primary tumor. 9 Recently, in a model of small cell lung cancer, the patient sample and primary xenograft shared expression of tumor-specific genes, whereas that expression signature was lost upon in vitro culturing. 5 A similar phenomenon occurs in glioblastomas, where amplification of the epidermal growth factor receptor in primary glioblastomas is not reflected in standard adherent glioblastoma cell culture models but is maintained in vivo when passaged as a primary serial xenograft. 15 These findings strongly support the need to establish xenografts from primary tumors that better retain the fidelity of the original tumors, and therefore produce more clinically relevant model systems. Here, we describe the establishment and characterization of a serially transplantable primary chordoma xenograft model, JHH-2009-011.
Methods

Establishment of Xenograft
Under a Johns Hopkins Institutional Review Board-approved protocol, primary tumors from 2 different patients were each implanted subcutaneously into two 5-8-week-old female athymic nude mice (NCI-Frederick) as previously described. 15 Briefly, the surgical specimen was mechanically dissociated using scalpels into small mince, mixed in a 1:1 ratio with growth factor-reduced Matrigel (BD Biosciences CA), and injected subcutaneously into the flanks of athymic nude mice with 200 μl used for each injection. All animal protocols and procedures were performed in accordance with the Johns Hopkins Animal Care and Use Committee guidelines. The mice were housed in standard facilities and given free access to Baltimore City water and chow. Animals were monitored frequently for signs of tumor growth. Xenografts were passaged in a similar fashion as described above.
Clinical Information
The tumor from which the serially transplantable primary xenograft was established in this study was derived from a male patient who received his initial diagnosis at 56 years of age. He presented in September 2006 with double vision and was found to have a large skull base mass involving the superior aspect of the clivus with extension into the sellar and suprasellar space. He initially underwent a left frontotemporal craniotomy in September 2006, and the pathological examination revealed a chordoma. He then underwent a sublabial transsphenoidal approach in November 2006 for disease in the sella and clivus, and in February 2007 he completed fractionated radiotherapy. In November 2008, he underwent a second sublabial transsphenoidal resection for progressive disease. His tumor subsequently progressed and, in May 2009, he underwent an expanded endonasal endoscopic approach and resection. The primary tumor used to establish the described xenograft was from this resection, that is, the patient's fourth surgical procedure.
Histopathological and Immunohistochemical Analyses
All histopathological and immunohistochemical analyses were performed using tissue fixed in 10% formalin and embedded in paraffin. Tissue was obtained from patient samples after appropriate approval was obtained from the Johns Hopkins University Institutional Review Board. Tissue sections were evaluated from the original patient sample (P0), 2 first generation xenografts (P1-A and P1-B), and 1 second generation xenograft (P2). Paraffinembedded sections were cut at 5 μm, deparaffinized, and stained with either H & E or immunohistochemical stains as specified. Immunohistochemical analysis was performed using antibodies specific for S100 protein (dilution 1:6000, Dako USA), cytokeratin AE1/ AE3 (dilution 1:4000, Chemicon/ Millipore), EMA (dilution 1:1000, Ventana), and brachyury (dilution 1:50, Santa Cruz Biotechnology). For brachyury immunohistochemical analysis, citrate buffer (Biogenex) was used for antigen retrieval. Detection of antibody binding was achieved using a biotinylated secondary antibody and either horseradish peroxidase-conjugated streptavidin (Ventana) for S100 protein, cytokeratin AE1/AE3, and EMA or horseradish peroxidase-conjugated anti-goat polymer (Dako USA) for brachyury. Immunostaining was visualized using the chromogen 3′,3′ diaminobenzidine (DAB) (Dako USA).
Western Blotting
Whole-cell extracts were made from primary tumor, xenografts, and the short-term cultures using a standard radio-immunoprecipitation assay lysis buffer supplemented with protease and phosphatase inhibitor cocktails. Lysates were incubated on ice for 30 minutes and then centrifuged at 14,000 rpm at 4°C for 10 minutes to remove debris. Forty micrograms of protein, as determined by the BCA protein assay kit (Pierce Biotechnology), was heated for 5 minutes with 2.5% β-mercaptoethanol/lithium dodecyl sulfate sample buffer (Invitrogen) and loaded onto 4%-12% NuPAGE Bis-Tris gels (Invitrogen). Gels were transferred to a polyvinyl difluoride membrane (Bio-Rad) and probed according to standard procedures. Briefly, the membrane was blocked for 1 hour with 0.1% Tween/5% nonfat dry milk and probed with the goat polyclonal anti-brachyury antibody clone C-19 (Santa Cruz Biotechnology) at a dilution of 1:1000 in blocking buffer overnight at 4°C. The membrane was then washed and incubated for 1 hour at room temperature with anti-goat secondary antibody conjugated to horseradish peroxidase (Santa Cruz Biotechnology). Signals were visualized by chemiluminescence according to the manufacturer's instructions (SuperSignal West Femto and SuperSignal West Pico, Thermo Scientific).
Establishment of Short-Term Cultures From JHH-2009-011
Harvested xenografts were mechanically and enzymatically dissociated with collagenase type IV (GIBCO) and underwent red blood cell lysis with lysing buffer according to the manufacturer's instructions (BD Biosciences). Tumor cells were resuspended in DMEM (Invitrogen) supplemented with 10% fetal calf serum (Gemini Bio-Products) and 1% penicillin-streptomycin (Invitrogen) and incubated at 37°C with 5% CO 2 in a humidified incubator. When cultures reached 80%-90% confluence, they were subcultured with trypsin-EDTA (Invitrogen). The growth rate was ascertained by plating various numbers of cells and using Alamar Blue (Invitrogen) to monitor cell growth daily over a 5-day period.
Single-Nucleotide Polymorphism Genotyping
DNA was extracted from the patient's primary tumor (P0) and the xenografts from both the P1-A and P2 generations using the Qiagen DNeasy kit (Qiagen) following the manufacturer's instructions. Genotyping was then performed at the Johns Hopkins University SNP Center using the Illumina Human660W-Quad v1 DNA analysis Beadchip (Illumina).
Analysis of Genotype Data
The Illumina Human660W Beadchip was used to analyze copy number variances in tumor samples. All SNP positions were based on the hg18 (Human Genome, NCBI Build 36) version of the human genome reference sequence. Fluorescence intensity image files were processed using Illumina BeadStation software to provide normalized experimental intensity values (R) for each SNP position. For each SNP, the R value was compared with the intensity values for that SNP from a training set of normal samples and represented as a ratio (called the "Log R ratio") of log2 (R experimental /R training set ). Single-nucleotide polymorphism concordance analyses were performed to assess the percentage identity of the original patient tumor (P0) and the subsequent xenograft passages 1 (P1-A) and 2 (P2). Briefly, the heritability/reproducibility analysis was performed using the GenomeStudio software to analyze SNP concordance in a pairwise fashion between P0 and P1-A and between P0 and P2. The result of this analysis was the "reported error rate," which represented SNPs that differed between the 2 samples in the analysis. Thus, the percentage SNP concordance rate was calculated using the following formula: % SNP concordance = 100 × (1-reported error rate).
Homozygous deletions were defined as 3 or more consecutive SNPs with a Log R ratio value of -2.0 or less. As all 3 samples were from the same origin, we assume that most of the allele status would be concordant across these tumor samples. As such, at one SNP locus, the scenario of Log R ratio value -2.0 or less in 1 sample and -1.8 or less in the other 2 samples was also considered acceptable. The first and last SNPs of the homozygous deletion region were considered to be the boundaries of homozygous deletions. To eliminate chip artifacts and potential copy number polymorphisms, we removed all homozygous deletions that were also detected in 2 normal control samples. Adjacent homozygous deletions separated by 3 or fewer SNPs were considered to be part of the same deletion, as were homozygous deletions within 100,000 bp of each other. To identify the target genes affected by homozygous deletions, we compared the location of genes in the RefSeq dataset with the genomic coordinates of the observed homozygous deletions. Any gene with boundaries overlapping with a homozygous deletion was considered to be affected by the deletion.
Results
Establishment of Primary Chordoma Xenograft
Tumors from 2 different patients were implanted into the flanks of 2 athymic nude mice per tumor. The first tumor specimen implanted did not form any xenografts. A serially transplantable xenograft was established from the second surgical specimen implanted into nude mice (JHH-2009-011 ). This specimen was taken from a patient with a recurrent clival chordoma (Fig. 1) . Two animals (P1-A and P1-B) were implanted from this patient's surgical specimen (P0) with both animals forming xenografts (100% tumor take). The P1-A was a faster growing tumor and, interestingly, the times between subsequent passages derived from the P1-A lineage have been decreasing with successive passaging, from 215 days for the first passage after implantation of the surgical specimen to an average of 103 days for the last passage. This xenograft lineage has been growing as primary xenografts that have been serially passaged for more than 520 days in vivo and is currently in passage 4 (P4) with successful tumor growth in 13 of 14 implantations (93% tumor take) in this generation. Figure 2A shows a nude mouse with bilateral flank tumors 120 days after implantation.
Serially Passaged Primary Chordoma Xenografts Maintain Histological and Immunohistochemical Profile as Well as Brachyury Expression of the Original Patient Tumor
All xenografts were examined macroscopically, and grossly, the xenografts had a lobulated appearance (Fig. 2B) . The second patient's original surgical specimen (P0), xenografts from both P1-generation animals (P1-A and P1-B), and a xenograft from one of the P2 generation animals (derived from P1-A) were examined microscopically. On H & E-stained sections, the patient's tumor (P0) showed a lobulated architecture with individual lobules separated by fibrous septae. The tumor was composed of bland epithelial cells, many of which contained prominent vacuoles in the cytoplasm ("physaliphorous cells"). The tumor cells had round nuclei with minimal pleomorphism and were associated with a myxoid stroma (Fig. 3) . No mitotic figures were identified, and immunohistochemical analysis for Ki 67 (MIB-1) revealed a relatively low percentage of immunopositivity (approximately 1%, data not shown). The xenografted tumors showed a similar histological appearance with a variable proportion of physaliphorous cells. Immunoperoxidase stains specific for S100 protein, and cytokeratins (AE1/AE3) were intense and diffusely positive in the primary tumor and the xenografts (Fig. 3) . Immunoperoxidase stains specific for EMA showed surface staining in all specimens (data not shown).
We next investigated the expression of brachyury, an immunohistochemical marker with high specificity for chordoma. 20 Both the patient sample and the xenograft-derived tumors showed immunoreactivity limited to the nuclei (Fig. 4A) . Taken together, the histopathological and immunohistochemical characteristics of the tumor samples were diagnostic for chordoma. Importantly, the morphology and staining characteristics were consistent in the patient sample and the xenografts. Furthermore, the appearance and immunoprofile of the tumor were maintained in the xenografts throughout multiple passages in vivo.
The expression of brachyury was next examined by western blot analysis. All tumors including the original patient tumor and each xenograft had strong brachyury expression (Fig. 4B) . Interestingly, the xenografts had higher brachyury expression than the primary tumor.
Short-Term Cultures
We were able to establish short-term adherent cultures from the JHH-2009-011 xenografts (Fig. 5) . The cultures were a mixture of at least 2 cell types. The most notable were smaller cells, which had the highly vacuolated appearance consistent with the physaliphorous nature of chordoma cells (Fig. 5A) ; the cells in the second population were larger and nonvacuolated (Fig. 5B) . The cultures grew slower than other cell lines such as glioblastoma (data not shown) and exhibited standard growth kinetics (Fig. 5C ). Cells were passaged approximately every 10-14 days. The short-term cultures were positive for brachyury; however, the expression was less than that of the primary tumor (Fig. 5D ).
Genomic Analysis of Original Surgical Specimen and Primary Xenografts
We next investigated the identity and copy number variation of the primary tumor (P0) and 2 passages (P1-A and P2) of its subsequent xenograft using whole-genome genotyping. This study was performed after the xenograft had been established and was growing in vivo for more than 13 months. The SNP concordance rate for P0 and P1-A was 99.96%, and the SNP concordance rate for P0 and P2 was 99.97%. There were no significant amplifications (> 10 copies) observed in either the original patient sample or the xenografts. The lack of significant amplifications in primary chordomas has been previously described. 7 Numerous homozygous deletions were identified ( Table 1 ). All 3 samples (P0, P1-A, and P2) were identical regarding homozygous deletions except in one location. On chromosome 4, P0 showed loss of heterozygosity, and P1-A and P2 showed a homozygous deletion. There are no genes, however, that fall in this region.
Discussion
The aim of this study was to establish a preclinical xenograft model of chordoma from primary tumors to allow for future investigation of chordoma tumorigenesis and development and evaluation of therapeutics. We injected 2 independent patient samples into athymic nude mice, and a serially transplantable xenograft was established from one of these patient samples. Our data demonstrate that this xenograft model is similar to the original patient's sample histologically, immunohistochemically, and genomically.
Historically, it has been difficult to establish chordoma cell lines, and only a few chordoma cell lines are found in the literature. 6, 13, 14, 17, 18, 21 Many of these cell lines are slow growing and consequently challenging to work with in vitro. 18, 21 We also attempted to establish cell lines during this study and were successful in establishing short-term cultures from our xenografts. These cell lines contained vaculolated cells and were positive for brachyury by western blot analysis. We are currently in the process of establishing long-term chordoma cultures.
To the best of our knowledge, only 2 xenograft models of chordoma have been reported in the literature, both of which are based on the injection of established chordoma cell lines EACH-1 6 and U-CH1. 16 Ten million EACH-1 cells were injected subcutaneously in the flanks of 3 female athymic nude mice, which led to tumor formation after approximately 4 weeks, 6 whereas subcutaneous implantation of 5 million U-CH1 cells into the flanks of NOD/SCID/interleukin 2 receptorγ null mice led to tumor formation 10 weeks postimplantation. 16 Interestingly, this latter model appeared to be dependent on the mouse background used, as no tumors resulted from the implantation of 5 million U-CH1 cells into the flanks of CD1 nude mice. 16 Our study is the first to establish a serially transplantable primary chordoma xenograft model. Notably, this xenograft was derived from a patient who had previously received radiotherapy; however, the significance of radiation therapy to engraftment in this model is unclear.
Discriminating chordoma from other tumors with similar histological appearance, such as chondrosarcoma and chordoid meningioma, often depends on immunohistochemistry for S100 protein, EMA, and cytokeratins. 3 Many approaches to identify additional biomarkers for chordomas have been used including cytogenetic, 2,18 gene expression, 8, 19 and proteomic profiling. 22 These efforts resulted in the identification of 2 potential biomarkers, brachyury 8, 19 and keratin 10. 22 Although still in its infancy, the use of immunohistochemical staining for brachyury is increasingly being used in the diagnosis of chordoma.
Brachyury is a T-box transcription factor that regulates notochord development 10, 11 and was found to be expressed in 53 of 54 chordomas and absent in 323 other nonchordoma tumors, including tumors that are sometimes mistakenly identified as chordomas such as chondrosarcomas and enchondroma. 20 It has thus been suggested that brachyury is a highly specific biomarker of chordomas. 20 A recent study reported frequent copy number gains in the region of T, the gene encoding brachyury, in a series of sporadic chordomas from 181 patients. 16 In our study, we have shown by both immunohistochemistry and western blot analysis that the patient tumor and serial xenografts express brachyury. Our copy number analysis data indicate that the high level of brachyury expression in the patient tumor and successive xenograft passages is not due to amplification. Interestingly, we observed an increased expression of brachyury in our xenografts on western blot analysis compared with the original tumor sample. One possible explanation for this finding is that the patient sample contained other nonneoplastic tissue such as stromal elements that reduced the proportion of brachyury that we observed in the assay.
Preclinical therapeutic development relies on accurate and reproducible in vitro and in vivo model systems. Moreover, in vitro models are imperative for large-scale drug screening and biological manipulation. 4 In a recent study, the U-CH1 chordoma cell line was demonstrated to express brachyury, and upon knockdown of brachyury, the cells senesce. 16 These findings strongly support the role of brachyury in chordoma tumorigenesis. The maintenance of brachyury expression in vivo, coupled with the close genomic and histological resemblance of the serial xenografts to the patient tumor, suggests that this primary xenograft model closely recapitulates the biology of the original tumor. Therefore, the combination of this primary xenograft model with the available in vitro models of chordoma will help facilitate the identification of more efficacious therapeutics.
Conclusions
We have established the first primary chordoma xenograft model. This xenograft model is serially transplantable and genomically more than 99.9% identical to the original parental tumor by whole-genome SNP array analysis. We believe this xenograft model will be useful for understanding the biology of chordomas and as a preclinical therapeutic model. Preoperative MR images. Preoperative sagittal T1-weighted image obtained after administration of Gd (A) and axial T2-weighted image (B) demonstrating a large clival chordoma with significant intracranial extension and mass effect on the optic apparatus and the brainstem. Histochemical and immunohistochemical evaluation of chordoma xenografts. Paraffinembedded and formalin-fixed sections from the patient's primary tumor and chordoma xenografts were stained with H & E (A-D), and immunoperoxidase stains specific for cytokeratin (AE1/AE3) (E-H) and S100 protein (I-L). Original magnification × 100. Brachyury expression. Expression of brachyury in the patient tumor (P0), xenograft passage 1, mouse A (P1-A), xenograft passage 1, mouse B (P1-B), and xenograft passage 2 (P2) was determined by immunohistochemical (A) and western blot (B) analyses. A negative control of normal brain (B) was also run in the western blot analysis. Original magnification × 160. 
